• Neutrophil extracellular traps (NETs) might play a role in cancer-related coagulopathy.
Essentials
• Neutrophil extracellular traps (NETs) might play a role in cancer-related coagulopathy.
• We determined NET biomarkers and followed cancer patients for venous thromboembolism (VTE).
• We found a constant association with VTE for citrullinated histone H3.
• Biomarkers of NET formation could reflect a novel pathomechanism of cancer-related VTE.
Summary. Background: Neutrophil extracellular traps (NETs) are decondensed chromatin fibers that might play a role in the prothrombotic state of cancer patients. Objectives: To investigate whether the levels of citrullinated histone H3 (H3Cit), a biomarker for NET formation, cell-free DNA (cfDNA) and nucleosomes predict venous thromboembolism (VTE) in cancer patients. Patients/Methods: Nine-hundred and forty-six patients with newly diagnosed cancer or progression after remission were enrolled in this prospective observational cohort study. H3Cit, cfDNA and nucleosome levels were determined at study inclusion, and patients were followed for 2 years. VTE occurred in 89 patients; the cumulative 3-month, 6-month, 12-month and 24-month incidence rates of VTE were 3.7%, 6.0%, 8.1%, and 10.0%, respectively. Results: Patients with elevated H3Cit levels (> 75th percentile of its distribution, n = 236) experienced a higher cumulative incidence of VTE (2-year risk of 14.5%) than patients with levels below this cut-off (2-year risk of 8.5%, n = 710). In a competing-risk regression analysis, a 100 ng mL À1 increase in H3Cit level was associated with a 13% relative increase in VTE risk (subdistribution hazard ratio [SHR] 1.13, 95% confidence interval [CI] 1.04- 1.22) . This association remained after adjustment for high VTE risk and very high VTE risk tumor sites, D-dimer level, and soluble P-selectin level (SHR 1.13, 95% CI 1.04-1.22). The association of elevated nucleosome and cfDNA levels with VTE risk was time-dependent, with associations with a higher risk of
Introduction
Neutrophil extracellular traps (NETs) are decondensed chromatin fibers decorated with granular enzymes that are released from activated neutrophils. The antimicrobial properties of NETs were discovered first, showing that NETs immobilize and kill bacteria and fungi [1] . More recently, it has been shown that NETs also interact with the blood coagulation system [2] . Mechanisms include activation of factor XII [3] , binding of von Willebrand factor [4] , providing a scaffold for platelet adhesion and fibrin deposition [5] , and inactivation of tissue factor pathway inhibitor [6] . In animal models, NETs accumulate early in growing thrombi [2] , and treatment with DNAse 1 dismantles NETs, diminishing thrombus formation [3, 7] . Patients with cancer have a high risk of developing venous thromboembolism (VTE) [8] [9] [10] . However, the mechanisms by which cancer induces a prothrombotic state leading to overt cancer-associated thrombosis are not yet fully understood. Experimental data indicate that NETs could play an important role in cancer-associated coagulation activation. In murine cancer models, leukocytes were primed by cancer cells to release NETs, and this was associated with spontaneous venous thrombus formation [11] .
Recently, methods to indirectly quantify NETs in human plasma samples have been developed [12, 13] . Citrullinated histone H3 (H3Cit) has been proposed as a target biomarker reflecting NET formation [11, 12] . Other putative biomarkers for NETs include cell-free DNA (cfDNA) and nucleosomes, which may also have other sources than NET formation, such as cellular decay or apoptosis.
In recent years, clinical and laboratory risk factors for prediction of VTE in cancer patients have been identified, in order to stratify patients according to their risk of VTE during the course of disease [14] . In this prospective cohort study, we hypothesized that biomarkers reflecting NET formation in patients with cancer could predict the individual propensity to develop future VTE. The clinical investigation of NET-specific and NET-related biomarkers could also lead to novel insights regarding the pathogenesis of cancer-related VTE. To examine this hypothesis, we quantified H3Cit, cfDNA and nucleosome levels in the plasma of cancer patients, and followed them for the occurrence of VTE over a period of 2 years.
Methods

Study design and population
The Vienna Cancer and Thrombosis Study (CATS) is a single-center, ongoing, prospective, observational cohort study conducted at the Medical University of Vienna. Detailed inclusion and exclusion criteria have been reported previously [15, 16] . In brief, CATS enrols adult patients with: (i) newly diagnosed malignancy or progression of disease after remission; and (ii) the capacity to give written informed consent and comply with scheduled study procedures. Exclusion criteria are overt infection, thromboembolic events within the last 3 months, or continuous anticoagulation with low molecular weight heparin or vitamin K antagonists, radiotherapy or surgery within the last 2 weeks, and chemotherapy within the past 3 months. The primary endpoint of CATS is symptomatic or fatal, objectively confirmed VTE. Objective methods for diagnosis include computed tomography (CT) pulmonary angiography of the chest or ventilation/perfusion scan for symptomatic pulmonary embolism (PE), autopsy, and compression ultrasound or venography for deep vein thrombosis (DVT). At baseline, study patients underwent a detailed interview and chart review to ascertain clinical and pathological variables, and venous blood was drawn for biobank storage. Patients were followed up for 2 years. All study events were adjudicated by an independent panel of experts. So-called unsuspected PE (i.e. PE incidentally detected on restaging CT scans) and abdominal vein thromboses were included as events if the adjudication committee deemed the event to be of clinical significance. No routine screening for VTE was performed. Mortality was prespecified as a secondary endpoint. The study protocol was approved by the local institutional review board (EC number 126/2003; ethikkom@meduniwien.ac.at).
Recruitment in CATS started in 2003; however, unthawed plasma samples from patients recruited in 2003-2007 were already considerably limited. Furthermore, only samples from patients enrolled 2 years before the initiation of this study were analyzed, to ensure that VTE and mortality outcome data from the 2-year observation period were available. This gave a total of 1075 patients enrolled between 4 June 2007 and 28 October 2013, resulting in a median storage time between enrollment and measurement of 6.0 years (25th-75th percentile, 4.5-7.9; range, 2.6-9.3). Forty-four of these were immediately excluded because they did not meet the inclusion or exclusion criteria. A further 47 patients were excluded because no follow-up was available, and for 37 patients baseline blood samples were no longer available. After exclusion of one further patient with an implausible H3Cit reading (1022 times higher than the median H3Cit measurement), this left a final analysis population of 946 cancer patients. Potential influences of storage time on the association between NET biomarkers and VTE risk were specifically analyzed (see Results).
Laboratory analysis
Venous blood samples were collected at the time of study entry. Aliquots of platelet-poor plasma (centrifugation for 10 min at 3000 9 g) were stored at À 80°C. All biomarker analyses were performed in duplicate, and the duplicate mean was used for statistical analysis. H3Cit and cfDNA were expressed in ng mL À1 , and nucleosomes were expressed as ratios to those in healthy controls. 0 -tetramethylbenzidine (Sigma Aldrich) for 25 min, the reaction was stopped with 2% sulfuric acid and read at 450 nm. When the absorbance of a patient reading was lower than that of the buffer blank, the H3Cit measurement was set to zero ng mL
À1
.
Statistical analysis
All statistical analyses were performed with STATA (Version 14.0; Stata Corp., Houston, TX, USA). Continuous variables were reported as medians [25th-75th percentile], and count data were summarized as absolute frequencies (percentages). Correlations were assessed with Spearman's rank-based correlation coefficient. The distribution of continuous variables between two or more groups, such as H3Cit levels between patients with and without a history of thrombosis, or between different tumor sites, was compared by the use of Wilcoxon's rank-sum tests and Kruskal-Wallis tests, respectively. The median follow-up was estimated with the method of Schemper and Smith [17] . Competing-risk estimators with 95% confidence intervals (CIs) were used for estimation of the cumulative incidence of VTE (STATA routine stcompet) [18] . VTE functions between two or more groups were compared by the use of Gray's test (self-written command stgrays) [19] . Univariable and multivariable modeling of time to VTE was performed with Fine and Gray proportional subdistribution hazards models [20] . For multivariable analysis, variables with a known and/or strong univariable association with VTE were selected. We also included neutrophil count and metastatic disease, because they are of interest mechanistically. In all of these analyses, death from causes other than fatal VTE was considered to be the competing event of interest [21] . The proportional hazards assumption was assessed by fitting interactions between the variables of interest and follow-up time. To further explore non-proportionality of hazards, time-dependent VTE rates were predicted from flexible parametric timeto-event models (user-contributed routine stpm2) [22] . Here, modeling was performed on the log cumulative VTE subdistribution function after addition of timedependent weights (user-contributed routine stcrprep) [23] . H3Cit, cfDNA and nucleosome levels were dichotomized into binary variables at the 75th percentile of their distribution [24] . To compare the magnitude of associations between H3Cit levels and previously published biomarkers for cancer-associated VTE risk, we Z-standardized these variables by subtracting the mean and dividing by the standard deviation, and compared them univariably by use of a forest plot [15] .
For multivariable modeling, tumor sites with a high or very high VTE risk were defined according to Khorana et al. [25] , with additions by Ay et al. [24] (high risklung, colon, kidney, myeloma, lymphoma, and gynecological; very high risk -brain, stomach, and pancreas).
Results
Analysis at baseline
Nine-hundred and forty-six patients were included in the analysis. At baseline, most patients had newly diagnosed disease (n = 701, 74.1%), and the median age was 62 years (25th-75th percentile: 52-69). The most frequent tumor sites were lung (n = 182, 19.2%), lymphoma (n = 160, 16.9%), and breast (n = 132, 14.0%) ( Table 1) .
The H3Cit level was below the detection limit in 219 patients (23.2%). H3Cit, cfDNA and nucleosome levels were directly correlated with each other, with weak correlations being seen between H3Cit and cfDNA levels (Spearman's rho = 0.16, P < 0.0001) and H3Cit and nucleosome levels (rho = 0.18, P < 0.0001), and a moderate correlation being seen between cfDNA and nucleosome levels (rho = 0.50, P < 0.0001). The absolute neutrophil count was weakly correlated with H3Cit levels (rho = 0.14, P = 0.0001), cfDNA (rho = 0.17, P < 0.0001), and nucleosome levelss (rho = 0.15, P < 0.0001). Patients with an elevated H3Cit level (defined as H3Cit level > 75th percentile of its distribution, i.e. Q3, n = 236) were more likely to have metastatic disease than patients with levels below this cut-off (Table 1) . Furthermore, patients with elevated H3Cit levels had higher average levels of some previously reported biomarkers of cancer-associated VTE risk, such as FVIII and prothrombin fragment 1 + 2. Average H3Cit, cfDNA and nucleosome levels differed among tumor types (Kruskal-Wallis P = 0.02, P = 0.0001, and P = 0.0001, respectively; Table 2 ). The highest H3Cit levels were observed in prostate cancer, and the lowest levels in multiple myeloma.
Storage time did not influence H3Cit levels. In detail, H3Cit levels increased by 1.3 ng mL À1 per year of storage (95% CI À 3.9 to 6.4, P = 0.636), and storage time explained only 0.002% of the variation in H3Cit levels (R 2 = 0.0002). Storage time minimally influenced cfDNA levels, which increased by 11.5 ng mL À1 per year of storage (95% CI 5.6-17.4, P < 0.01), but explained only 1.6% of the variation in cfDNA levels (R 2 = 0.0155, P = 0.51). In contrast, nucleosome levels significantly increased, by 0.5-fold per year of storage time (95% CI 0.45-0.63, P < 0.0001), and storage time explained 13% of the total variation in nucleosome levels (R 2 = 0.134). Multivariable adjustment of the association between the levels of the three biomarkers and VTE risk for storage time did not alter the previously observed results (Table S1 ).
Occurrence of VTE
During the follow-up period, we observed 89 VTE events. The most frequent types of event were PE (n = 36, 40.4%) and lower-extremity DVT (n = 30, 33.7%). BMI, body mass index; Q3, 75th percentile of the H3Cit distribution; sP-selectin, soluble P-selectin; VTE, venous thromboembolism. Categorical variables are reported as absolute frequencies and percentages; continuous data are reported as medians with Q1-Q3 (with Q1-Q3 representing the first and third quartiles of the H3Cit distribution); the cut-off for Q3 is set at 88.3 ng mLÀ1. P-values are from chi-squared tests for categorical variables, and rank-sum tests for continuous variables. Rho (P) indicates Spearman's rank correlation coefficient between H3Cit and the respective variable with P-value (no adjustment for multiplicity performed). *High VTE risk or very high VTE risk tumor sites are defined according to Khorana et al. [25] , with additions by Ay et al. [24] (high risk-lung, colon, kidney, myeloma, lymphoma, and gynecological; very high risk -brain, stomach, and pancreas). †Staging cannot be provided for some patients, because no UICC-conforming staging system (i.e. stages I, II, III, and IV) is defined for some tumor entities (such as glioblastoma and multiple myeloma); thus, the missingness proportion was based on 788 patients with potentially observable staging instead of the 946 overall patients.
Upper-arm/jugular vein DVT occurred in eight patients (9.0%), concomitant PE and DVT in six patients (6.7%), and fatal PE in four patients (4.5%). The remaining five events (5.6%) were splanchnic vein thromboses. In competing risk analysis accounting for death from any cause except fatal VTE as the competing event, the cumulative 3-month, 6-month, 12-month, and 24-month incidence rates of VTE were 3.7% (95% CI 2. H3Cit, cfDNA and nucleosome levels and the risk of VTE Average levels of H3Cit (P = 0.005), but not of cfDNA (P = 0.08) or of nucleosomes (P = 0.95), were statistically significantly higher in patients who developed VTE during the 2-year follow-up period ( Fig. 1A ). The corresponding 2-year risks for cfDNA levels > 75th percentile versus ≤ 75th percentile were 12.0% (95% CI 8.1-16.6) and 9.4% (95% CI 7.3-11.8) (Gray's test P = 0.19; Fig. 1B) , and those for nucleosome levels > 75th percentile versus ≤ 75th percentile were 0.4% (95% CI 6.9-14.8) and 9.9% (95% CI 7.8-12.4) (Gray's test P = 0.60; Fig. 1C ). In competing-risk time-to-VTE regression, a 100 ng mL À1 increase in H3Cit level was associated with a 13% relative increase in VTE risk (subdistribution hazard ratio Cumulative incidence of VTE according to baseline H3Cit, cfDNA and nucleosome levels. The cumulative incidence of VTE was estimated accounting for death-from-any-cause (except fatal VTE which is a VTE event) as a competing risk; Note the scaling of the y-axis from 0% to 30% of VTE risk. cfDNA, cell-free DNA; H3Cit, citrullinated histone H3; VTE, venous thromboembolism. [Color figure can be viewed at wileyonlinelibrary.com]
[SHR] 1.13, 95% CI 1.04-1.22, P = 0.003; Table 3 ). This association remained after multivariable adjustment for high and very high VTE risk tumor entities (adjusted SHR for H3Cit 1.13, 95% CI 1.04-1.22, P = 0.004), and after further adjustment for D-dimer and soluble P-selectin (sP-selectin) levels. Moreover, we included body mass index, neutrophil count and tumor stage in the univariable model (Table 3) and multivariable model (Table S2 ). In contrast to previous studies [25, 26] , we found no association between VTE risk and leukocyte count, which was therefore not included in our multivariable model. In multivariable models 1 and 2, the adjusted SHR for H3Cit levels was 1.11 (95% CI 1.03-1.20, P = 0.008; Table 3 ). A multivariable adjustment for 'newly diagnosed' patients showed only negligible changes (data not shown). Whereas patients with elevated H3Cit levels (i.e. > Q3) had an elevated risk of VTE, non-linear analysis showed comparable VTE risks between the three lower quartiles (Fig. 2) . The association between high H3Cit levels and VTE was constant during the whole 2-year follow-up (Fig. 3A) , whereas the association of cfDNA and nucleosome levels with VTE was strongly time-dependent (Fig. 3B, C) . By fitting an interaction between linear follow-up time and elevated cfDNA levels (interaction SHR 0.26, 95% CI 0.08-0.85, P = 0.03), we estimated that the magnitude of the association between cfDNA levels and VTE risk declines by 74% for every year after baseline. This 'weakening effect' of cfDNA was confirmed in flexible parametric regression, where we observed a strong association between cfDNA levels and VTE risk shortly after follow-up, which then rapidly vanished (Fig. 3B) . In Fine and Gray competing risk regression, the SHRs for elevated cfDNA levels (i.e. > Q3) were 2.30 (P = 0.02), 1.86 (P = 0.03), 1.59 (P = 0.06) and 1.36 (P = 0.19) for the prediction of 3-month, 6-month, 12-month and 24-month VTE risks, respectively. A highly similar pattern of nonproportionality was observed for nucleosome levels (SHR for interaction with follow-up time 0.13, 95% CI 0.04-0.45, P = 0.001) (Fig. 3C) . Here, the SHRs for elevated nucleosome levels (i.e. > Q3) were 1.39 (P = 0.36), 1.83 (P = 0.03), 1.47 (P = 0.12) and 1.12 (P = 0.64) for the prediction of 3-month, 6-month, 12-month and 24-month VTE risks, respectively.
Comparison of H3Cit with previously identified biomarkers for VTE in patients with cancer
The levels of both H3Cit and other biomarkers such as D-dimer and sP-selectin were Z-standardized in order to enable comparison on a common scale. Here, H3Cit levels had a magnitude of association with VTE risk comparable to those of these previously identified biomarkers (Fig. 4) . 
Analysis of H3Cit levels in selected tumor types
To enable exploration of the role of H3Cit levels in the occurrence of VTE in various tumor entities, the VTE risk of single tumor types according to their H3Cit levels was calculated. In the analysis, only tumor entities with at least five thrombotic events were included. The result showed a significantly increased risk of VTE in patients with pancreas and lung cancer. Patients with breast cancer also had an increased risk of VTE. For patients with brain and colorectal cancer, as well as for 'other sites', no association between H3Cit levels and VTE was found. Fig. 3 . Predicted time-dependent VTE rates over 2 years of follow-up according to baseline levels of H3Cit, cfDNA and nucleosomes. Rates were predicted using a flexible parametric model with restricted cubic splines allowing for a time-dependent change in both the log(cumulative baseline hazard) function and the log(relative hazard). Death was incorporated as a competing risk, which was achieved by time-dependent weighting of the data (Stata routine stcrprep). cfDNA, cell-free DNA; H3Cit, citrullinated histone H3; VTE, venous thromboembolism. 
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H3Cit: Q2 H3Cit: Q3 H3Cit: Q4 0.5 1 Follow-up time (years) 1. 5 2 Fig. 2 . Cumulative incidence of VTE according to quartiles of H3Cit levels. The cumulative incidence of VTE was estimated accounting for death-from-any-cause (except fatal VTE which is a VTE event) as a competing risk; Note the scaling of the y-axis from 0% to 30% of VTE risk. H3Cit cut-offs at the 25th, 50th, and 75th percentile were 2.0ng/mL, 26.0ng/mL, and 88.3ng/mL, respectively. H3Cit, citrullinated histone H3; VTE, venous thromboembolism. [Color figure can be viewed at wileyonlinelibrary.com]
Patients with lymphoma showed an inverse correlation of VTE and H3Cit levels (Fig. S1 ). These results must be looked at very cautiously, as the study was not designed and was underpowered for tumor-type specific analyses.
Discussion
In this prospective observational cohort study, we found an association between high H3Cit plasma levels and an increased risk of cancer-associated VTE. This association remained over a follow-up period of 2 years, and was also independent of other risk factors for VTE, such as high VTE risk tumor sites, and elevated D-dimer and sPselectin. Elevated cfDNA and nucleosome levels were also associated with the risk of cancer-associated VTE, although the prognostic role of these biomarkers was only relevant for short-term thrombotic risk prediction. H3Cit has been established as a marker for NET formation in different experimental thrombosis and sepsis models, [3, 11, [27] [28] [29] [30] as citrullination of histone H3 by PAD4 leads to chromatin decondensation and subsequent NET formation [31] . In an inferior vena cava stenosis model, for example, it was shown that a minority of mice incapable of histone H3 citrullination produce thrombi, whereas this was the case in 90% of wild-type mice [27] . Moreover, H3Cit levels were found in plasma of tumorbearing mice that were prone to NET formation and developed microthrombi in the lungs [11] . Data from clinical studies that have investigated H3Cit and coagulation are very limited. In one small study, high H3Cit levels correlated with the presence of cancer and acute ischemic stroke [12] . In patients with thrombotic microangiopathies, elevated levels of NET-related markers, including myeloperoxidase and cfDNA, were found, but H3Cit levels were not determined [32] . Furthermore, a recent study including patients with and without malignancy and objectively diagnosed DVT showed increased nucleosome levels in plasma of patients with malignancy and DVT as compared with patients without DVT. [33] .
Our present study adds clinical data from a large cohort of prospectively followed patients with cancer showing that an increased H3Cit level is a strong and enduring risk factor for VTE in these patients.
The results of H3Cit subgroup analysis need to be discussed. We found the highest H3Cit levels in patients with prostate cancer, a tumor entity that is associated with a low risk of developing VTE [34] . One explanation could be that prostate cancer cells strongly express PAD4 [35] , which hypothetically could citrullinate circulating histones from different sources than neutrophils, and thereby could generate H3Cit that is not NET-derived. We detected low H3Cit levels in patients with myeloma, a tumor entity that is regarded to be strongly associated with an increased VTE risk. However, this is primarily true for myeloma patients receiving an angiogenesis inhibitor (lenalidomide or thalidomide) in combination with dexamethasone [36] . Therefore, the pathogenesis of VTE in myeloma seems to be primarily treatment-related, and NETs could play a minor role. In patients with brain tumors, which are among the most prothrombotic malignancies, we found no association between H3Cit levels and VTE risk. Previously, we demonstrated that glioma cells activate platelets via podoplanin [37] . Podoplanin in tumor specimens was strongly associated with the occurrence of thrombosis in these patients, and could be the main mechanism of coagulation activation in primary brain tumors. Surprisingly, we found an inverse correlation between H3Cit levels and VTE risk in lymphoma patients, which we cannot explain, but plan to investigate in future studies. In addition to H3Cit levels, we also determined the levels of cfDNA and nucleosomes, which are essential components of NETs [2] . In recent studies, it was shown that such NET breakdown products rather than intact NETs induce coagulation [38, 39] . However, elevated levels as such do not necessarily indicate increased NET formation, as apoptotic and necrotic cell death are other potential sources of cfDNA and nucleosome release [40] . This is true particularly for cancer patients, in whom the amount of cell death is usually increased [41, 42] . Data indicate that endonucleosomal cleavage during apoptosis rather than NET formation could be the main source of cfDNA and nucleosomes in plasma of cancer patients [43, 44] . Consistently, we found only weak correlations between H3Cit and cfDNA levels and between H3Cit and nucleosome levels in our study. Nevertheless, these correlations were statistically significant, indicating that NET formation could contribute to overall cfDNA and nucleosome levels. The presence of a more substantial correlation between cfDNA and nucleosome levels in our study supports the close structural and functional relationships between these parameters.
In contrast to H3Cit levels, elevated plasma cfDNA and nucleosome levels predicted VTE only in the short term, at 3-month and 6-month cut-offs for follow-up, but not at later time points. Possible explanations for this are that both parameters were also strong predictors of survival (data not shown), or that patients with elevated H3Cit levels had different prognostic variables than patients with elevated cfDNA or nucleosome levels.
To minimize confounding, we adjusted the association between H3Cit levels and VTE for important other prognostic variables, such as elevated D-dimer and sP-selectin levels, which have previously been identified. We also adjusted for high VTE risk and very high VTE risk cancer sites, which are important components of a wellknown VTE risk assessment model for cancer patients [45] . In multivariable analysis adjusting for these variables, the H3Cit level remained an independent biomarker for prediction of VTE. In further analyses, we compared H3Cit levels with those of the previously published cancer-associated VTE biomarkers D-dimer, sPselectin, prothrombin fragment 1 + 2, and FVIII [14] , and found that H3Cit level was an equally strong predictor of VTE.
The procoagulant and prothrombotic properties of NETs or NET breakdown products were discovered only recently [38] . Therefore, H3Cit as a biomarker of NET formation could reflect a novel pathomechanism of cancer-associated VTE. These findings support the hypothesis that NETs could serve as novel target structures for the prevention of cancer-associated VTE. One candidate agent that targets NETs is DNase 1. In murine models, DNase 1 was protective against DVT, myocardial infarction, and stroke [2] . In a clinical study, endogenous DNase activity correlated negatively with coronary NET burden [46] . Whether intravenous DNase 1 is safe and effective in humans remains to be investigated. Other candidate agents that could prevent VTE in patients with cancer without interfering with physiological blood coagulation are PAD4 inhibitors, which prevent histone citrullination and subsequent NET formation [47] .
Some limitations of the present study need to be addressed. We did not quantify NETs directly, but indirectly via biomarkers reflecting NET formation. We chose this approach because direct NET quantification has not yet been standardized, hampering its applicability in a large clinical study [2, 48, 49] . Our H3Cit ELISA, on the other hand, can be applied to plasma samples, and has previously been used in a clinical study [12] . The cut-off at the 75th percentile of H3Cit, cfDNA and nucleosome levels was chosen empirically, and we did not search for other cut-offs to preserve the type 1 error rate. Importantly, storage time did not alter H3Cit and cfDNA levels, or their association with VTE risk. However, nucleosome levels were affected by storage time, but adjustment for storage time also did not reveal a significant association between nucleosome levels and 2-year VTE risk. In summary, these analyses show that storage time is a major preanalytical determinant of nucleosome levels but not of H3Cit or cfDNA levels. To circumvent the impact of storage time on nucleosome levels, this biomarker should be measured as soon as possible after blood sample collection.
Another limitation is that we did not take into account data on antitumor treatments after baseline, such as surgical or radiotherapeutic interventions. Although these interventions can have a prognostic impact on VTE risk, we refrained from including them in our analysis, because the aim of this study was to assess the potential of NET parameters as VTE risk biomarkers that may support risk assessment for cancer-associated VTE, rather than to analyze postbaseline treatments that may modify VTE risk.
It also needs to be clearly stated that this study was not designed and powered for statistical analysis in specific cancer subtypes. Subgroup analysis therefore needs to be interpreted with caution. However, we believe that findings from specific cancer types are of great interest for researchers investigating NETs, and need to be reported. Finally, it is a limitation that multiple biomarkers, including D-dimer and sP-selectin, were previously tested in the CATS study, which introduces multiplicity and hence potential for type 1 errors. Therefore, the post hoc nature of this analysis should be taken into account.
We conclude that H3Cit levels are independently associated with the occurrence of VTE in cancer patients. Nucleosome and cfDNA levels seem to have a role in short-term VTE risk prediction. The data from our large clinical study support experimental evidence indicating an important role of NETs in the pathogenesis of cancer-related VTE. Table S1 . Association between H3Cit, cfDNA, nucleosomes and time to VTE (univariable and multivariable competing-risk regression models). Table S2 . Supplementary multivariable competing-risk regression models for VTE. Fig. S1 . Forest plot comparing Z-scores of H3Cit within selected tumor types.
